Durability of cementitious systems is to a large extent depending on the transport of potentially aggressive substances within the microstructure of the material. A fundamental evaluation of durability on the 'engineering level' should thus be realised by investigating the microstructure on the 'materials science level'.
INTRODUCTION
The microstructure of concrete and in particular its pore structure and interfacial transition zone are of major concern when it comes to the transport properties and durability behaviour of concrete. In order to achieve a fundamental evaluation of durability on the 'engineering 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada level', an extensive investigation of the microstructure on the 'materials science level' should be carried out. Concrete is known to be a porous material with voids within a very broad range of sizes: from nanometer (gel pores, medium and small capillary pores), over micrometer (big capillary pores and entrained air-voids) up to millimeter (entrained and entrapped air voids) [1] . Many researchers have been developing microstructure models in order to predict the transport properties and durability properties of concrete. These models are based on, among other things, experimentally gathered knowledge on the hydration of cement, pore structure, porosity and the formation of the microstructure. Collecting full data on the microstructure of cement paste, mortar and concrete is not an easy task since until now, not one single test method is available to achieve a complete and accurate picture of the real situation. Roughly speaking one can distinguish two types of techniques to study the microstructure. The indirect or bulk techniques which give information on the mean characteristics of the entire microstructure, and the direct or microscopy techniques which give the opportunity to have a closer look into the microstructure and distinguish several phases. Both techniques provide very valuable information, but none of the techniques provides full information. There is always a loss of information inherent in the testing method. The application of X-ray computed tomography could be a way out of this impasse. X-ray CT makes it possible to reproduce a complete 3D structure. At present the resolution of the reconstruction is still restricted to a few micrometers, depending on the sample size and the specifications of the equipment used to make the X-ray measurements. However, yet it is possible to demonstrate the advantage of using X-ray CT to characterise the pore structure of any porous material and in special cement paste, mortar and concrete. In the future higher resolutions will be reached, bringing along good prospects for the characterisation of concrete's pore structure [2, 3] .
PRINCIPLES OF X-RAY COMPUTED TOMOGRAPHY
When X-rays are transmissed through an object, the total linear attenuation coefficient is the sum of the attenuation coefficients of each element in the ray path. The X-ray transmission through the object is depending on the elements composition (effective atomic number), density and thickness. Typically for X-ray CT-measurements the object is positioned on a rotation platform in between an X-ray source and an X-ray detector. The platform enables the object to make a rotational motion relative to the fixed source and detector. As such, it becomes possible to make radiographs from different rotation angles. The result is a series of 2D shadow images which map the variation of X-ray attenuation within the object. After the data collection, special algorithms calculate the slices or crosssections through the object. Subsequently the images can be combined to provide 3D-information on the object.
In this paper two different CT-devices are applied: SkyScan 1072 and the high-resolution X-ray CT set-up from the UGCT (X-ray Radiography and Tomography Facility at the Ghent University; www.ugct.ugent.be). The results of both equipments will demonstrate the potential of X-ray CT. The X-ray CT 'SkyScan 1072' consists of a sealed microfocus Hamamatsu X-ray tube of 20-130 keV by 0-300 µA. It disposes of a small focal spot size of 10 µm, which restricts the resolution to at least 10 µm. The X-ray detector consists of a digital frame grabber and a 1024 x 1024 12-bit digital cooled CCD-camera. The samples were scanned at the highest voltage reach of 130 keV and current at 76 µA. The high-resolution X2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada ray CT set-up is a multifunctional open micro-CT. A dual head Feinfocus ® tube serves as an X-ray source. Both heads deliver an X-ray beam from a small focal spot size, with an energy between 20 and 160 keV. Higher energies and larger target powers result in a larger focal spot size. The focal spot size poses a lower limit to the achievable resolution of the CT-scan. The transmissional head has a minimal focal spot size of 0.9 µm at 40 keV and 25 µA (1 W) and can deliver up to 10 W power on target. The minimal focal spot size of the directional head is 3 µm (40 keV -10 W) and the maximum target power is 200 W. In this project only the directional head has been applied. The detector used is a Rad-Eye ® CMOS flat panel, consisting of 1024 x 512 pixels, pixel size 50 µm, with a replacable scintillator screen on an optical fiber plate. The resolution of the system is determined by the focal spot size of the Xray tube, which is 3 µm using the directional head.
APPLICATION OF X-RAY CT
The possibilities of X-ray CT for concrete are examined on small samples of concrete. To get as much info as possible, an optimal resolution has to be aimed at. The smaller the dimensions of the sample, the higher the magnification can be and the better the resolution is. Besides, as small as possible, the cores should be kept by preference cylindrical because this is beneficial for the scanning efficiency and the image quality. Keeping also in mind that the sample must remain representative and also for technical reasons, no smaller diameter than 14.7 mm was reached. Cores of diameter 14.7 mm and height 30 mm were drilled out of the centre of cubes 100x100x100mm³.
The CT operation procedure was optimised to produce the best images by reducing artefacts like beam hardening, ring, star and line artefacts as much as possible. For the Skyscan system a random movement of 10 with a 4-frame averaging was chosen to enhance the signal to noise ratio. Scanning was performed with an Al-filter to reduce beam-hardening: 0.8 mm of Al for the Skyscan system and 100 µm for the high-resolution X-ray device. Beamhardening is the result of the preferential attenuation of the lower-energy X-rays than higherenergy ones by the object [4] . Very dense inclusions can create a secondary radiation resulting in star artefacts [5] . Because this secondary radiation especially consists of low X-ray energies, the Al-filter also reduces these star artefacts. Ring artefacts, which appear as circles centred on the rotation axis, are caused by detector inaccuracies. If a pixel continuously registers corrupt information, this will result in ring artefacts after reconstruction of the image. During acquisition, X-ray radiographs are recorded at different angles during step-wise rotation between 0° and 180° around the vertical axis for the Skyscan system and 360° for the highresolution X-ray CT-system. These raw tiff-files are then reconstructed with "Octopus" [6] , in order to obtain a stack of more then 1000 horizontal cross-sections.
As the achievable resolution is depending on the object's maximum dimension in the scan plane, in this case, only a pixel size of about 17.24 µm was achieved with SkyScan and 15.53 µm with the UGCT-device. However, the high resolution X-ray CT can reach a resolution up to 1 µm at present time, compared to the Skyscan 1072, which can reach 10 µm.
The most common way to present tomographic data consists of the reproduction of the cross-sections of the scanned object. In Fig. 1 two cross-sections of the same sample scanned with both CT-systems are presented. The left and right images are respectively rendered by the Skyscan 1072 and the high resolution X-ray CT. Because of the fact that the brightness is proportional to the X-ray absorption, different phases in the sample can be distinguished. High density phases are represented by light regions and low density phases, like the air around the sample, air voids and pores, appear as black and very dark grey. As such, on the image one can clearly distinguish the air voids, the coarse aggregates and the matrix. The boundaries of the objects within the sample are more clearly marked off with the high resolution CT. This is especially valid for the air voids in the concrete. Also the rim of the aggregate grains is more clear. Although there is little difference in pixel size obtained with the two CT-equipments, a better contrast/resolution has been achieved using the high resolution X-ray CT. This is mainly due to the different CT set-up (different X-ray source, focal spot size, detector type, ... ). Combining all the tomographic data, a 3D model of the scanned sample was rendered by the software VGStudio Max (Fig. 2) [7]
. presence of a porous rim of the coarse aggregate draws the attention. Specialized software, like the Octopus viewer [6] or VGStudio Max, makes it possible to walk through the sample and enhances the insight into the void system by visualizing the growth of voids throughout the successive slices. Because the images are stacks of grey-values, a thresholding operation can reconstruct selected data of interest, based on the difference in density. As an example in Fig. 3 only the air voids are visualized. X-ray CT makes it also possible to examine the appearance of microcracks in the cement matrix. In Fig. 4 several microcracks can be distinguished in the cement matrix. They start at the largest coarse aggregate and are radially oriented into the matrix. In the same figure, an inferior interfacial transition zone between the aggregate and the matrix can be noticed. 
QUANTIFICATION OF THE AIR VOID SYSTEM
X-ray CT provides very nice 3D reconstructed images of high quality. Besides this, another target of tomography is the possibility to extract quantitative 3D information from the data. In particular the porosity, pore size distribution and preferential pathways to the interior of the specimen are interesting points. The software µCTanalySIS [8] analyses the reconstructed files in 3D. Primarily this programme performs a segmentation based on two thresholding values: a strong thresholding which filters the noise and selects the areas definitely belonging to the pores; a weak thresholding which determines a complete delineation of all the pore boundaries. The resulting binary images combine the results of both thresholding values. In Fig. 5 an original and a binarised representation of the same crosssection are given. In the binarised figure the entities which are taken into account for the 3D-calculation are visualized. Clearly visible are the porous transition zone at the aggregate grain and the air voids in the cement matrix. Both features are also clearly present in Fig. 2 where the 3D image of the object is shown. When one is only interested in the existence of the air voids, there is a possibility to extract the transition zone from the thresholded data. The calculation can then be based on the air voids only. From the binary images 3D information on the total air content and the pore size distribution based on the diameter of the maximum inscribed sphere are obtained by µCTanalySIS [9] . This programme also enables to visualize, after 3D analysis, the pores in pre-set pore size classes based on the maximum inscribed diameter. Fig. 6 represents a segment of a 3D rendered image used for pore size analysis. The total air content can be calculated when the total considered calculated volume is known. Based on the 3D information provided by the software, the air content, spread over several classes, can be determined based on the maximum inscribed diameter. The division in classes makes it possible to have a closer look at the distribution of the air voids, which can be convenient in the case of entrained concrete, where the amount and distribution of the entrained air voids have to be checked.
CONCLUSION
X-ray computed tomography provides the possibility to make a representative 3D visualization of the internal structure of concrete. Due to the current set-up there is however a limitation on the resolution, keeping the real pore structure of concrete (capillary pores and gel pores) undetectable for the moment. At present, besides the visualization of the aggregates and the matrix, the obtained information concerns mainly the air void system and the appearance of microcracks. Using the software µCTanalySIS, it is possible to quantify the air void system with the total air content, the air void distribution, as well as other parameters related to the air void system. Of course, more calculations based on the data are possible, depending on the reseacher's points of interest. The results presented in this paper point out the positive prospectives of X-ray CT. In the future, when the resolution is improved in combination with smaller samples, visualization and calculation of the pore structure based on real concrete samples will come into the reach of concrete scientists and models will become easier to validate more accurately.
